A simple approximate solution has been derived for the stress distribution near a circular hole applicable to any orthotropic composite laminate subjected to biaxial loading. The degree of accuracy of this solution was found to be overall acceptable, but strongly dependent upon the laminate lay-up and biaxiality ratio.
Introduction
The design of structures with the highly anisotropic fibre reinforced composites, requires a thorough understanding of their complex damage and fracture mechanisms, particularly under multi-axial loading conditions. Many fracture models (1) describing the strength and failure of open-hole laminates have been developed; these failure criteria are generally based on the stress distribution adjacent to the circular hole. The latter can be determined by using either laborious computational (Finite Element) or analytical methods. The exact closed form stress solution available (2, 3, 4) is rather complex and not easy to apply without the use of a computer. In the present work, an approximate solution for biaxial loading is developed in the form of a simple polynomial expression. This is an extension to Konish & Whitney polynomial expression for uniaxial loading (5) and is useful in assessing hole size effect on the notched strength of composite plates.
Problem under consideration
The plate investigated is a homogeneous, linearly elastic, orthotropic, with a circular hole of radius R ( Fig. 1) and is under plane stress conditions. The derived approximate solution has been compared with the exact solution (6, 7) , in the case of multidirectional T8001924C CFRP laminates; the elastic material properties of this system are shown in (Table 1) . Results and discussion
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The biaxial isotropic solution (4) for the stress distribution near the hole, in an infinite open-hole plate, can be modified to yield an approximation to the exact solution, by adding higher order terms to the isotropic polynomial expression. In other words, the orthotropic stress concentration factor (SCF) K A can be taken as the sum of the corresponding isotropic K iso and higher order terms of~. Thus, the approximate stress distribution along the y-axis under biaxial loading is found (7) to be given by:
where the parameter H A represents the orthotropy effect at the hole boundary, at the point K orth A ( Fig. 1 ) and is HA = A iso • The orthotropic and isotropic SCFs at the hole boundary, K A can be expressed as a function of the in-plane engineering constants, and biaxiality ratio A, through eq. (2):
Apparently for A.=O, equation (1) diminishes to the expression for uniaxial loading derived by Konish and Whitney (5) . A similar expression to eq.I l) can be derived for the O'yy (x,O).
The degree of accuracy of the derived approximate solution can be ascertain by comparing the approximate with the exact stresses (3, 6) . The respective exact and the approximate stress distribution close to the hole boundary, for a biaxiality ratio A.=0. As can be seen, even though some deviation of the approximate from the exact stress values can be identified, there is an overall acceptable agreement between the two stress distributions (Fig. 2b. ). In addition, both solutions yield the same stress values at the hole boundary. However, the degree of agreement of the approximate with the exact stress distribution was found to be strongly dependent upon the lay-up (7). In fact, the more ( Material: T800I924C ) orthotropic the laminate the less agreeable is the approximate stress distribution with the exact. 5 .00 r------------:::=========::-- The presence of ±45°plies appears to favour the agreement of the two solutions (Fig. 2b.) . However, in the case of a [(±45)4l. laminate which stress distribution has a unique shape (Fig. 2a. ) the approximate solution has the same shape as the exact solution, but is maximum at a different location. The degree of accuracy of the approximate with reference to the exact solution is also influenced by the biaxiality ratio A (7). The deviation of the approximate from the exact stress distribution can be defined as:
(Approximate -Exact )value Deviation / % = x100% Exact value (4) and therefore can be plotted as a function of the ratio ylR, assuming that the dominant load p is applied on the x-axis. Fig. 3 6 .00 . As can be seen (Fig. 3) , both the exact and the approximate solutions, irrespective of A, yield the same stress values at the hole boundary (y=R). However, as the distance from the hole boundary increases, but within a specific 'region' identified by the ratio y/R, the percentage of error of the approximate solution increases. The introduction of a tensile load q=Ap on the y-axis, decreases the error and shifts its peak position to lower values of y/R, The magnitude of the maximum error and its peak position is highly influenced by the respective laminate properties,· therefore by the lay-up and the biaxiality ratio (Table 2) . These parameters also influence the extent of the 'region' over which there is a significant deviation of the approximate from the exact stress values, as has been found for various lay-ups investigated (7) . In the case of C-T biaxial loading, the error of the approximate solution increases with A, while its peak position shifts to higher ylR values (7) . The region of 'underestimation' (under C-T) or overestimation (T-T) of stresses is followed by another region where the error decays progressively up to the area where the approximate values finally reach the exact stress values (7).
Conclusions
An approximate, easy to use, higher order polynomial expression has been derived for the stress distribution near the hole boundary, applicable to any orthotropic open-hole composite laminate under biaxial (T-Tor C-C or C-T) loading. The degree of accuracy of the approximate solution, as compared with the exact, was found to be influenced by both the lay-up and the biaxiality ratio. The derived stress distribution can be used in various failure models for the in-depth investigation of the notch sensitivity and fracture behaviour of open-hole orthotropic laminates. It is noted that the derived approximate solution refers to an infinite plate, and therefore must be corrected by a finite width correction factor (6) .
